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Sequences of the sigma factors of Escherichia coli and Bacillus subtilis were aligned with the sequences of 
two sigma-like proteins, HtpR, involved in the expression of heat-shock genes in E. coli, and SpoIIG, neces- 
sary for endospore formation in B. subtilis. An internal region is highly conserved in the four proteins and 
is proposed to be involved in binding of sigma factors to core RNA polymerase. The carboxy-terminal part 
of the four proteins presents the characteristic structure found in several prokaryotic DNA-binding proteins 
and is proposed to be involved in promoter recognition. 
Sigma factor RNA polymerase Promoter Escherichia coli Bacillus subtilis 
1. INTRODUCTION 
Specificity of transcription in bacteria is depen- 
dent on the association of RNA polymerase core 
enzyme with a sigma factor subunit [l-3]. A single 
sigma factor, the rpoD gene product, was thought 
to be present in Escherichia coli. Recently, the pro- 
duct of the E. coli htpR gene, that controls the heat 
shock regulon [4], has been shown to be endowed 
with the properties of an authentic sigma factor [5] 
and to share some homology with the E. coli rpoD 
gene product [6]. During sporulation of Bacillus 
subtilis a new polypeptide is found associated with 
RNA polymerase that can alter its specificity in 
vitro [7]. This sigma-like factor could be identical 
or similar to the product of the spoIIG gene which 
was found to be homologous to the E. coli sigma 
factor [8]. We present a comparison of the se- 
quences of the E. coli [9] and B. subtilis [lo] major 
sigma factors with the sequences of the two alter- 
nate factors, HtpR and SpoIIG. This reveals strik- 
ing similarities in two regions which we propose to 
be functional domains involved in core binding 
and promoter recognition. 
2. A CORE-BINDING REGION 
The E. coli HtpR protein (284 amino acids, it4, 
32381) and the B. subtilis SpoIIG product (239 
amino acids, Mr 27652) have already been com- 
pared with the E. coli sigma factor, do (613 amino 
acids, M, 70263) [6,8]. In both cases, a short cen- 
tral homologous region was found, starting at the 
same position, amino acid 375 in do. The HtpR 
and SpoIIG sequences have now been compared 
with each other, and with the recently determined 
sequence of the B. subtilis major vegetative sigma 
factor, f_743 (formerly d5, 371 amino acids, M, 
42828). This comparison (fig.1) indicates that the 
previously observed homology is conserved in 
these 3 proteins and appears to extend further 
upstream and to involve 20 additional amino acids. 
A similar region can be found in do by introducing 
a 245amino acid deletion in the a” sequence from 
position 130 to 374 [lo]. Such a large deletion 
could not be previously considered due to the 
mode of calculation chosen [ 11,121. The alignment 
of the 4 sequences hown in fig.1 takes into ac- 
count this deletion in 0”. 
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Fig. 1. Alignment of the amino acid sequences of the E. coli HtpR and g” proteins [6,9] with the B. subtilis a43 and 
SpoIIG proteins [8,10]. A 245amino acid deletion corresponding to residues 130-374 has been introduced in the ~7” 
sequence at the position shown by the arrow. The one-letter amino acid notation is used. Chemically similar amino acids 
are defined as the following groups: D and E; K and R; S and T; 1,L and V. Gaps have been introduced to maximize 
the alignments [ 11,121 and are shown by hyphens. Circles indicate positions occupied by identical or chemically similar 
amino acids in 3 (0) or 4 (0) proteins. Asterisks point to positions of homology between do and a43 on the one hand, 
and HtpR and SpoIIG on the other. Positions occupied by a gap in at least one of the 4 sequences were not considered. 
The homologous regions discussed in the text are indicated by brackets (A-C). 
This representation clearly shows the existence pattern (see fig.1, region B): two homology 
in the 4 proteins of an internal highly conserved subclasses can be observed, not matching the 
region (region A in fig.1) which overlaps the dele- bacterial origin of the proteins but gathering the 
tion created in do: out of 64 positions in a row major sigma factors on the one hand and the alter- 
(with a single extra residue in the HtpR sequence), nate proteins, HtpR and SpoIIG, on the other. In 
45 are occupied by identical or chemically similar 9 out of 30 positions, pairs of identical or 
amino acids in at least 3 out of the 4 proteins. This chemically similar amino acids can be related to 
high level of similarity indicates that this region each subclass while 7 positions are common to 
must play a common and critical role for the both. This structural relationship may be the 
biological activity of these 4 proteins, most reflection of a similar functional role: both HtpR 
probably binding to core RNA polymerase which and the sporulation sigma-like factors (SpoIIG 
implies very specific amino acid interactions. B. among others) must displace the preexisting major 
subtifis and E. coli core RNA polymerases are very sigma f-%or in order to allow proper genetic adap- 
similar in size and subunit composition [ 131; tation to the external changes in environment (heat 
moreover, they can promote specific transcription shock or nutrient deprivation). In vitro ex- 
in vitro with each other’s sigma factor [ 14,151, periments indicate that these displacements do not 
which demonstrates a degree of homology suffi- require any prior chemical modification of the core 
cient to allow heterologous interactions. Further- RNA polymerase, but seem to result from mere 
more, careful examination of the Adjacent competition between both kinds of proteins [5,7]. 
downstream sequences reveals a quite unexpected This implies that the alternate sigma factors have 
12 
a higher affinity for the core enzyme than the ma- 
jor sigma factors, which is in good accordance 
with their different behaviour during chroma- 
tography purification steps [5,7]. A stronger 
binding to the core enzyme could be achieved by 
additional interactions due to the presence of pro- 
per amino acids in the immediate vicinity of the 
major binding domain. The amino acids pointed 
out above as specific to HtpR and SpoIIG could 
play this role. 
The major homology region found in HtpR and 
in the two B. subtilis factors, $3 and SpoIIG, is 
not interrupted while it is split into two domains by 
a 245-amino acid block in do. This suggests that 
duplication of an ancestral sigma gene preceded 
divergence between E. coli (a Gram-negative 
bacterium) and B. subtilis (Gram-positive) and 
that the present structure of do could be the result 
of a fusion event by insertion of an extra coding 
sequence. 
3. A PROMOTER-RECOGNITION REGION 
Several equally possible alignments can be found 
for the next 100 positions, all accommodating a 
58-amino acid gap in the SpoIIG sequence and a 
few additional residues in the HtpR protein. One 
of these alignments has been represented in fig. 1. 
Some homologies can still be observed but, as they 
depend on the choice of the alignment, their 
significance appears too weak to be further 
discussed. Conversely, a 50-amino acid domain is 
highly conserved in the carboxy-terminal part of 
the 4 proteins (see fig.1, region C). As already 
noticed for the HtpR protein [6], this region shares 
all the properties of the DNA-binding domains of 
several prokaryotic repressors and activators [16]. 
A similar a-helix-P-turn-a-helix structure can be 
predicted since the amino acids important for such 
a conformation are conserved as detailed in fig.%a. 
There is only one exception: in the do sequence the 
conserved glycine in the &turn is replaced by 
aspartic acid. However, a glutamic acid residue 
can be accommodated at this position in a func- 
tional mutated A repressor [17]. Such a structure 
strongly suggests that this region of the sigma fac- 
tors might bind to DNA and be involved in pro- 
moter recognition. Although g” is not a DNA- 
binding protein per se [18], crosslinking ex- 
periments have demonstrated that, when complex- 
ed with the core enzyme, it is in close contact with 
nucleotides located in the promoter region [19,20]. 
As exemplified by mutations affecting recognition 
properties of the CAMP receptor protein in E. coli 
[21], the specificity of DNA binding appears to be 
determined by the side groups protruding from the 
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P P P H 
253 Leu Gln Glu Leu 
573 Leu Glu Glu Val 
332 Leu Glu Glu Val 
206 Gln Lys Asp Val 
154 Val Glu Met Val 
480 Pro Glu Glu Leu 
239 Pro Glu Glu Ile 
154 Ser Asp Val Leu 
G’Y 
Ala 
P - P P P P 
Ala Asp Arg Tyr Gly Val Ser Ala Glu Arg 
Gly Lys Gln Phe Asp Val Thr Arg Glu Arg 
Gly Lys Val Phe Gly Val Thr Arg Glu Arg 
Ala Asp Met Met Gly Ile Ser Gln Ser Tyr 
Ala 
Ala 
Ala 
GUY 
Arg Glu Leu Gly Val Thr Ser Lys Asp 
Glu Arg Met Leu Met Pro Glu Asp Lys 
Glu Asp Met Asp Leu Thr Pro Glu Lys 
Thr Asp Asp Asp Ile Ile Thr Lys Asp 
‘le P P H - P 
Val 
llal Arg Gln Leu Glu Lys 272 
Ile Arg Gln Ile Glu Ala 592 
Ile Arg Gln Ile Glu Ala 351 
Ile Ser Arg Leu Glu Lys 225 
Val Arg Glu Met Glu Ser 173 
Ile Arg Lys Val Leu Lys 499 
Val Arg Glu Ile Leu Lys 258 
Ile Glu Ala Asn Val Asp 173 
Fig.2. Alignment of the 4 sigma factors showing the regions proposed to interact with DNA. The highly conserved 
carboxy-terminal domains are indicated in part a, while the weakly homologous internal domains are shown in part 
b. The residues conserved in other prokaryotic DNA-binding proteins [16] are indicated (H, hydrophobic; P, polar). 
The position of the cu-helix+-turn-a-helix corresponding structure is shown. 
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second a-helix which lies in the major groove. This 
region contains the largest uninterrupted stretch of 
identical amino acids found in do and 43, which 
are known to recognize the same consensus pro- 
moter sequences [22]. On the other hand, HtpR 
allows recognition of specific heat shock pro- 
moters of distinct sequences [23] and sporulation- 
specific promoters are quite different from 
vegetative ones in B. subtilis [24]; several distinct 
amino acids are present in this region of the HtpR 
and SpoIIG proteins although they can lead poten- 
tially to similar secondary structures. 
If the carboxy-terminal part of the sigma factors 
is involved in promoter recognition, mutations 
altering transcriptional specificity are expected to 
be found in this region. Such mutations have 
already been isolated in E. coli and provided the 
first genetic evidence for the role of do in pro- 
moter selection [25]. They have been located in 
Arg-596 that lies 4 residues downstream of the 
second m-helix described above [26]. Their proper- 
ties can be interpreted either as affecting the con- 
formation of the adjacent ‘recognition helix’ [16] 
or as modifying specific contacts with the ancillary 
activator proteins, AraC and MalT. The analysis 
of other similar mutations should give more infor- 
mation on the recognition role of this region. 
As prokaryotic promoters appear to be con- 
stituted of two separate regions, the existence of 
two distinct DNA-recognition sites in the sigma 
factors was postulated [3]. A second putative 
DNA-binding region was proposed for the HtpR 
protein at positions 154-173 [6]. A similar struc- 
ture may also exist in the related regions of g” and 
$3 as detailed in fig.2b, but only a weak equivalent 
can be found in SpoIIG at a different location. 
Although less conserved than the carboxy-terminal 
domains, this region could also be involved in pro- 
moter selectivity. A schematic representation of 
the 4 sigma proteins and of their conserved regions 
is given in fig.3. 
4. A GENERAL MODEL? 
The homologies found in two regions of sigma 
factors belonging to evolutionarily distant bacteria 
are strong indications of their functional impor- 
tance. The sequences proposed to be part of the 
core binding region are not present in the E. coli 
nusA gene product, a protein involved in termina- 
tion and antitermination of transcription and able 
to bind to core polymerase in vitro [27]. This sug- 
gests that initiation and termination factors in- 
teract with different regions of core RNA 
polymerase. The sigma factors encoded by gene 28 
and genes 33 and 34 from B. subtilis bacteriophage 
SPOl and by gene 55 from E. coli bacteriophage T4 
do not contain the proposed core binding sequence 
[28-301 although they are well documented to be 
able to reprogram unmodified host core 
polymerase for recognition of bacteriophage 
specific promoters [3 1,321. Due to their viral origin 
these proteins may have acquired their properties 
through convergent evolution and use different 
amino acids to achieve similar tertiary structures. 
The existence of two distinct highly conserved 
rr ‘0 n 
” 
Ytp R 
Spo II G 
Fig.3. Schematic representation of the 4 sigma proteins. The two highly conserved domains (regions A-B and C) are 
shown by large heavy-lined boxes and the possible second DNA-binding sites by small light-lined boxes. The core- 
binding region is shown as an open box (split into two parts in do) adjacent to an ancillary domain that may enhance 
core binding in HtpR and SpoIIG (m) as compared to do and $3 (0). The DNA-binding regions are hatched. 
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domains in bacterial sigma factors is in good ac- 
cordance with their bifunctional role. Interaction 
with core polymerase through a common region 
might be modulated by the presence of adjacent 
variable sites while promoter recognition would in- 
volve a widely used DNA-binding structure [16]. 
The organization described in fig.3 is expected to 
be found in other alternate sigma factors, for in- 
stance in the minor vegetative B. subtilis sigma fac- 
tors, P, d2, 2’ {3] and their ~~rep~~~yces 
coeticolor counterparts [33], and also in as yet un- 
characterized proteins required for the expression 
of complex gene sets. For instance, Klebsiella 
pneumoniae and Rhizobium genes involved in 
nitrogen assimilation share a quite specific pro- 
moter sequence [34]; they are controlled by the 
nifA and ntrA gene products which were proposed 
to be specific sigma factors [35,36]. Sequencing of 
these genes could give a first answer. 
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